Purpose The aim of this study was to determine if zona pellucida thickness variation (ZPTV) is associated with implantation and if this relationship changes with use of assisted hatching (AH). Methods Day 3 embryos from single or double embryo transfers (DETs) performed between 2014 and 2016 were included. ZPTV was assessed by examining photographs taken before transfer using an automated image processing platform to segment the zona pellucida (ZP) with an active contour technique. One hundred points were obtained of ZP thickness (ZPT) of each embryo to calculate ZPTV ([maximum ZPT-mean ZPT]/ mean ZPT). Logistic regression was used to calculate the odds ratio (OR) and 95% confidence intervals (CI) of implantation by tertile of ZPTV. Maternal age and AH were adjusted for a priori. Other cycle and embryo characteristics were adjusted for if they altered the continuous effect estimate by >10%. Results There was no statistically significant association between ZPTV and implantation across tertiles although embryos with greater ZPTV showed a trend of decreased implantation While similar nonsignificant trends for the association between ZPTVand implantation were observed across tertiles after stratification of embryos hatched or not, embryos with the greatest ZPTV had slightly higher odds for implantation when AH was utilized (T3 vs. T1: with AH, OR = 0.89, CI = 0.49-1.62; without AH, OR = 0.61, 0.29-1.27). Conclusion ZPTV was not associated with implantation after day 3 transfer. This finding did not vary by use of AH.
Introduction
Hatching of the embryo from the zona pellucida (ZP) is a critical step for implantation [1, 2] . The ZP begins to form during early folliculogenesis and is comprised, in the human, of four glycoprotein layers (ZP1-ZP4), which are secreted by oocytes and granulosa cells and are involved in support of the ova [3, 4] . The ZP is involved in induction of the acrosomal reaction and promotes sperm-egg fusion. After fertilization, a measurable hardening of the ZP takes place that is thought to be important for (1) polyspermy blockage, (2) protection of the developing embryo, and (3) oviductal transport [3, 4] .
During preimplantation development, the ZP undergoes gradual thinning that, at least after blastulation, is presumably due to increasing pressure, which has been postulated to involve a Bstretching mechanism^ [5] and embryonic production of glycoproteins to reduce the thickness of the zona in preparation for blastocyst hatching [6] . Interestingly, some embryos have more uniform zonae, while others have localized regions of thinness [6, 7] . Cohen et al. (1989) was the first to describe zona pellucida thickness variation (ZPTV) after analyzing videos of cleavage stage embryos and found that those embryos with >25% ZPTV were more likely to implant [6] . More recent studies have also investigated ZPTV of cleavage stage embryos and have similarly reported higher implantation rates with ZPTV >20 and >25% [8, 9] . Moreover, Gabrielsen et al. (2001) found that ZPTV assessment was additive in the morphological grading and selection of poor quality cleavage stage embryos that led to clinical pregnancy [10] . Although these studies consistently found that greater ZPTV was associated with either implantation or clinical pregnancy, the analyses were performed with crude measurements of the ZP at only 3-4 points around the embryo and sample sizes were small, ranging from 86 to 255 embryos.
In addition to investigations on ZPTV, studies have also focused on developing the method of Bassisted hatching^(AH) in an effort to bypass the proposed hardening of the ZP [6] , thereby facilitating implantation. Assisted hatching is the process by which the ZP of a preimplantation embryo is artificially opened in an attempt to facilitate the natural Bhatching^of the blastocyst in preparation for implantation. Initial studies revealed that embryos with a ZP thickness (ZPT) > 15 μm had higher implantation rates when AH was applied [11] . Furthermore, poor prognosis patients with elevated basal FSH were noted to have embryos with thin zona Bthat were difficult to pierce^and for which implantation was improved by AH [11, 12] . Subsequent human and animal studies also reported that a greater ZP thickness (ZPT) was associated with lower implantation rates [13, 14] . However, others failed to find such a significant association between ZPT and implantation [2, 9] . Notably, a 2010 study randomly assigned embryos from women aged <38 years with a ZP >13 μm to AH or no AH and found no statistical difference in implantation rate, clinical pregnancy rate or live birth rate [15] . However, this study did not investigate the relationship between ZPTV and clinical outcome.
Despite the high use of AH in IVF (in the USA, utilization is reported as over 50% in fresh autologous IVF/ICSI day 3 embryo transfers [16] ), the evidence in support of its benefit is weak at best. Furthermore, the procedure is associated with negative side effects including an increased risk of monozygotic and monochorionic twinning, leading to increased risks of fetal and maternal morbidity [17] [18] [19] [20] [21] . While an earlier metaanalysis suggested greater pregnancy rates in patients with repeat implantation failure [22, 23] who used AH, a recent analysis of over 750,000 cycles found no such benefit either in the general patient population or in a subanalysis restricted to repeat implantation failure patients [16] . Moreover, more recent studies [24, 25] found no evidence for improvement in likelihood of live birth following transfer of hatched embryos. A Cochrane review that included 31 studies reached the same conclusion [22] . However, again, none of these studies investigated the relationship between ZPTVand use of AH on clinical outcome. This study was designed to test the hypothesis that ZPTV is an independent predictor of implantation and, given the relative lack of evidence in support of using AH in clinical practice, to determine whether AH improved implantation rate based on the degree of ZPTV. Additionally, the use of a more precise and detailed measurement of ZPTV allowed a more rigorous investigation of these proposed relationships.
Materials and methods

Institutional review board approval
This study was approved by the Institutional Review Board of Partner's Healthcare, protocol #2014P002738.
Patient selection
This is a retrospective cohort study that included all autologous fresh day 3 embryo transfer cycles involving either single embryo transfers (SET) or double embryo transfers (DET) that were performed in women aged 24-44 years between March 2014 and April 2016 at Brigham and Women's Hospital in Boston. The majority of embryos were from the first cycle for each patient; in a few cases, embryos came from a second or third cycle. Embryos were created by either in vitro fertilization or intracytoplasmic sperm injection (ICSI), and none were subjected to blastomere biopsy prior to transfer.
Ovarian stimulation protocols
Controlled ovarian hyperstimulation protocols using gonadotropin releasing hormone (GnRH) agonist, GnRH antagonists, or a poor responder protocol using very low GnRH agonist were utilized as previously described [26] . Follicular and serum estradiol (E2) monitoring was performed per standard protocol. After the two lead follicles were 17-18 mm in mean diameter, patients received the ovulatory trigger. Oocyte retrieval was performed 36 h after the trigger was administered.
Laboratory protocols
Gametes and embryos were incubated at a temperature of 37°C in an atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 [26] . Standard insemination or ICSI was performed within 4 to 6 h after retrieval. Assessment of fertilization was performed 16-18 h after insemination or ICSI, and zygotes having two pronuclei were cultured in 25 μl microdrops of Global medium (IVF Online, Guelph, Ontario, Canada) with 5% human serum albumin [26] . Day 3 embryo morphology was determined between hours 66 and 69 post-insemination/ ICSI. The embryo quality defined as embryo score was based on blastomere number, degree of fragmentation, and extent of asymmetry [27] . Embryos were assigned a fragmentation score of 0, 1-9, 10-25, 26-50, or >50% and a symmetry score of perfect, moderate asymmetry, or severe asymmetry. All the embryos were then given a numerical score (1-18) using an internally generated grading system based on the above parameters.
Embryo transfer and luteal progesterone support
Embryo transfer was performed on day 3 under ultrasound guidance using a Wallace catheter (Marlow/Cooper Surgical, Shelton, CT, USA). Luteal progesterone supplementation was begun 2 days after retrieval with vaginal progesterone (8% Crinone; Watson Pharmaceuticals, Parsippany, NJ, USA) or 1 day after retrieval with intramuscular progesterone (50 mg dose) (locally compounded at one of two pharmacies: Village Fertility, Waltham, MA 02451 or Freedom Fertility, Byfield, MA 01922) and continued until 10 weeks in patients who became pregnant.
Assisted hatching
All hatching procedures were performed within 2 h of transfer by using a laser (Lykos, Hamilton Thorne, Beverley, MA) device to create an opening of approximately 20 μm. The location of hatching was chosen by embryologists to avoid direct contact with any blastomeres. Quality assurance standards required all embryologists performing AH to undergo training by the same lab director and quarterly competency assessments to ensure consistency in performance.
Consistent with the clinical protocols at our center, AH was performed on patients age ≥ 35 years undergoing IVF, or if they had failed at least one previous cycle (defined by no evidence of implantation) in our program. For ICSI cycles, AH was performed on patient's age ≥ 38 years, or if they had failed at least one previous cycle in our program.
Data collection
The following variables were collected from our standard clinical electronic records for each cycle: Woman's age at cycle start, body mass index (BMI), all infertility diagnoses, day 3 FSH, cycle attempt number, peak estradiol, number of oocytes retrieved, embryo score, and number of embryos transferred.
Clinical outcomes
Clinical outcomes were assessed per embryo transferred. The study population who failed to have a successful pregnancy was defined as: (1) not pregnant (negative serum hCG (<3 mIU/mL), (2) biochemical pregnancy (serum hCG ≥ 3 mIU/mL but with no intra-or extra-uterine sac visualized on transvaginal ultrasound), or (3) ectopic pregnancy (defined by extra-uterine pregnancy visualized on ultrasound). Failed implantation was defined as a negative serum hCG, a biochemical pregnancy, or an ectopic pregnancy. All clinical pregnancies (i.e., those with an intrauterine sac) were followed with primary outcomes defined by ultrasound visualization as: Sac = intrauterine sac at ≥5 weeks, Fetus 7+ = viable fetus at ≥7 weeks with positive fetal heart beat, and Fetus 24+ = viable fetus at ≥24 weeks with positive fetal heart beat (i.e., beyond the 2nd trimester).
Measurement of ZPTV
Immediately before transfer, all embryos were imaged in a random orientation that allowed a clear 2-D image of the embryos with blastomeres in focus using a Watec analog camera on an inverted microscope using Nomarski differential interference contrast microscopy (Olympus IX73P1F) with ×60 magnification. The images were archived using a Canon Selphy CP910 printer. For image processing, the printed images were scanned using an HP Epson Perfection V200 Photo scanner. Image processing software was developed in MATLAB to segment the ZP from the scanned images by using an active contour method [28, 29] . The software was programmed to exclude any artifact and clearly delineate the ZP. In the initial validation work of our software, measurements of the ZPTV were done multiple times to insure the same ZPTV was calculated for each embryo.
The software calculated the smoothed derivative of the original image I (x,y) as:
where G x (x, y) and G y (x, y) are the smoothed derivative of the image in x and y directions:
The summation in Equations 2 and 3 are over all pixels, and σ is the width of the smoothing Gaussian filter. Calculation of the normalized gradient image N(x, y) = G(x, y)/ max(G), where max(G) is the maximum value of G(x, y) was performed next. The inner and outer boundaries of the ZP were determined by a closed contour Γ, which minimizes the energy functional:
where
The first integral is over the length of the contour, and the second integral is over the area enclosed by the contour. For segmenting, the outer edge of the ZP, a negative value of β in Eq. 4, was chosen, and for segmenting the inner edge, a positive value was chosen. As an initial guess, segmentation started with a circle close to the outer edge of the ZP to minimize the energy in Eq. 4 to obtain the actual edge. The shape of the outer edge was used as the initial guess to segment the inner edge of the ZP. If necessary, surrounding artifacts, debris, and spermatozoa were removed from the image.
For the segmenting the ZP, the thickness D was measured for hundred equidistant points along the outer and inner edges. This was used to calculate the average thickness, ZPT, ZPTV, of the ZP as:
where ZPT max is the maximum thickness of the zona pellucida ( Fig. 1) .
Statistical analysis
For the embryos with known developmental fate (n = 768), multivariable logistic regression was performed to calculate the odds ratio (OR) of implantation and 95% confidence intervals (CI) and two-sided Wald p values (p value) using generalized estimating equations to account for the correlation between multiple cycles from the same patient. ZPTV was assessed in tertiles (T) based on ZPTV distribution among all 768 embryos (T1 ≤15.0%, T2 >15.0 to <20.8%, T3 ≥20.8%) and also continuously for every 5% increase in ZPTV.
Tertiles were chosen to allow sufficient power to provide numbers in each group as to not force an arbitrary dichotomy. Age and AH were adjusted for a priori, while other cycle characteristics (including day 3 FSH mIU/L, infertility diagnoses of ovulatory dysfunction or decreased ovarian reserve, cycle attempt number, and body mass index (BMI) and embryo characteristics (defined by a numerical scoring system of 1-18, in decreasing order of quality) were adjusted for when they changed the continuous effect estimate by at least 10%.
Other cycle characteristics such as ICSI and the infertility diagnoses of endometriosis and male factor were tested and not found to alter the effect estimate by at least 10% and were not adjusted for [30] . To investigate whether the association between ZPTV and implantation differed between embryos with and without AH, analyses stratified embryos by AH or no AH and tested for interaction using likelihood ratio tests. Analyses were performed using Statistical Analysis Software version 9.3 (SAS Institute, Inc., Cary, NC.)
Results
Characteristics of embryos
The initial cohort included 957 embryos, 307 transferred singly, and 650 transferred in pairs. There were 172 embryos from DETs for which only one embryo implanted that were excluded from the implantation analyses, given that embryo-specific implantation data were unknown. Similarly, DETs, where a vanishing twin was Fig. 1 Segmention of the zona pellucida (ZP) with hundred equidistant points along the outer and inner edges to calculate average thickness, ZPT, and ZPTV noted, were excluded from the dataset. Seventeen embryos were unable to be analyzed due to an inability to assess the ZPTV accurately (5 from SETs and 12 from DETs). Failure to assess the ZPTV occurred if either the embryo was too close to the border of the photographic image or the two embryos in a DET were photographed too close together preventing accurate assessment of the ZP with our software. If one embryo from a DET was excluded, the other was also excluded. The final study cohort analyzed to quantify the relation between ZPTV and implantation comprised 768 embryos from 461 women (302 from SETs and 466 from DETs), all of which had known cycle outcomes. Mean ZPTV was 19.38 ± 7.98% (mean ± standard deviation), and median ZPTV was also 19 .38 with a range of values between 3.99 and 64.30% (Fig. 2) . Tertile cut points (33rd percentile) were: T1 <15.0% (n = 251), T2 >15.0% to <20.8% (n = 247), T3 ≥ 20.8% (n = 270). Among the tertiles, woman's age at cycle start, infertility diagnosis, day 3 FSH, previous cycle attempt number, number of embryos transferred, and embryo numerical score were similar (Table 1) . Fig. 3 ). Similar associations were observed for clinical pregnancy progression as measured by presence of a fetal heart beat at~7 weeks and continuation of pregnancy with a viable fetus ≥24 weeks; however, none of these associations were statistically significant at p value <0.05 ( Table 2 , Fig. 3 ). The linear relationship between ZPTV and implantation was quantified for every 5% increase in ZPTV. There was a nonsignificant trend, demonstrating 9% lower odds of presence of a gestational sac (OR 0.91, CI 0.81-1.03), a 7% lower odds of a fetal heart beat with at least 7 weeks of gestation (OR 0.93, CI 0.82-1.05), and an 8% lower odds of continuation of pregnancy with a viable fetus at ≥24 weeks of gestation (OR 0.92, CI 0.81-1.05). Logistic regression models adjusted a priori for: age and assisted hatching (AH), multivariable model additionally adjusted for embryo score, Day 3 FSH, ovulatory infertility, diminished ovarian reserve, BMI, IVF cycle number AH assisted hatching, Sac intrauterine sac at ≥5 weeks, Fetus 7+ viable fetus at ≥7 weeks with positive fetal heart beat, Fetus 24+ viable fetus at ≥24 weeks with positive fetal heart beat (i.e., beyond the 2nd trimester) a n (%)
Association between ZPTV and implantation
b Odds ratio, 95% confidence interval intrauterine sac at ≥5 weeks, Fetus 7+: viable fetus at ≥7 weeks with positive fetal heart beat, Fetus 24+: viable fetus at ≥24 weeks with positive fetal heart beat (i.e., beyond the 2nd trimester)
Exploration of ZPTV and implantation heterogeneity by AH
The association between ZPTV and implantation was not found to vary by AH usage (p value, test for interaction: Sac p value = 0.51; Fetus 7+ p value = 0.51, and Fetus 24+ p value = 0.54). There was a suggestion of increased implantation with use of AH, relative to without AH use, across all tertiles of ZPTV for all three measures of clinical outcome assessed (Table 3 ; Fig. 4 ), but none of these reached statistical significance.
Discussion
Our rigorous measurement of thickness of the ZP and assessment of ZPTV using a novel imaging processing platform ZPTV ≥20.8%; Sac: intrauterine sac at ≥5 weeks, Fetus 7+: viable fetus at ≥7 weeks with positive fetal heart beat, Fetus 24+: viable fetus at ≥24 weeks with positive fetal heart beat (i.e., beyond the 2nd trimester)
found no association between degree of variation in the ZP and implantation. Furthermore, when we stratified these embryos by whether or not AH was performed, we found that the association between ZPTVand implantation was not modified by this practice. Our results stand in contrast to the belief that the overall thickness and variation in thickness of the ZP is an important feature associated with successful implantation of the cleavage stage embryo. Interestingly, our more thorough investigation of the ZPTV found that it lacked a statistically significant association with implantation rate, although a trend was seen towards decreased implantation rates with greater ZPTV (Table 2, Fig. 3 ). In contrast, past literature has reported improved implantation in embryos with a ZPTV >20-25% [6, [8] [9] [10] . Our discrepant results can likely be attributed to our 100 point examination and segmentation of the ZP, which may have better characterized ZPTV with a more accurate reflection of variation. In addition, we analyzed a much larger sample size than used in previous studies and relied only on known implantation data for our analysis.
Previous investigators have studied the use of AH in embryos with ZPT > 13-15 μm [11, 15] . Development and use of AH were first described as potentially overcoming a Bhardened^ZP in poor prognosis patients with elevated FSH or a Bthickened^ZP > 15 μm [11] . We are the first to investigate if AH altered the association between ZPTV and implantation rate. Similar to Hagemann et al. (2010) who found that AH did not improve implantation rate in embryos with ZP > 13 μm, we found that the effect of ZPTV on implantation rate did not vary when AH was utilized [15] . Although we found across all tertiles of ZPTV that those embryos with AH trended towards a higher implantation rate than those without AH, this was not statistically significant (Fig. 4) . We cannot exclude the possibility that a type 2 error might be a factor in our results (accepting no difference when one actually exists) given that when we stratified by AH among our tertiles, our numbers decreased in size (Table 3) . Our study was not designed to specifically answer whether AH improved implantation rate based on a specific ZPTV, and future prospective studies with patients randomized to groups either with or without AH are needed to rigorously exclude the impact of ZPTV on utility of AH. The trends demonstrated in our data indicate that AH might be beneficial for some embryos, but at this time, the identifying factor is unknown.
Our study has several strengths. Firstly, we have analyzed a large numbers of embryos for ZPTV (n = 768), more than any other study to our knowledge investigating this embryo characteristic. Secondly, we utilized a new algorithm to ensure accurate depiction of ZPTV. Previous studies have been subject to inter-observer variability regarding where to measure ZPT. In contrast, our novel approach, which captured 100 measurements at uniform distances around the circumference of the ZP, therefore provides a considerable improvement over previous work. Thirdly, previous studies analyzed embryos transferred in groups of up to three or more, which were not linked to known developmental fate [6, [8] [9] [10] . In contrast, our study is, to our knowledge, the first to include only embryos with linked and definitively known implantation fate.
Despite the above strengths, our study is not without limitations. Firstly, woman's age at cycle start is a component of the algorithm that determines use of AH as standard of care, and while we adjusted for many known confounding factors, there may be residual confounding by patient indication for IVF or for AH. Secondly, we included women who contributed multiple cycles, and therefore, the data are not independent but are weighted towards those who contributed the most cycles, and by definition, that means those who did not achieve a live birth in their initial cycle(s) or by those who conceived in their first cycle and returned for another cycle; nevertheless, we did control for this potential bias by using generalized estimating equations to account for the correlation between multiple cycles from the same patient. Thirdly, we excluded embryos due to their unknown implantation fate. While this exclusion allowed us to identify the ZPTV of the embryo and associate it with its implantation potential, it omitted analysis of DET cycles with a singleton gestation (18.3% of all embryos in our dataset). Lastly, our ZPTV visual analysis was done using a two-dimensional approach, whereas the embryo is a three-dimensional structure. In the future, further studies assessing ZPTV would preferably be done by assessing the whole ZP, or at a minimum assessing multiple planes through repeated two-dimensional images. In addition, our study regarding the association between AH, ZPTV, and implantation would ideally be followed up with a randomized controlled trial in which women are randomized to having AH or not. By randomizing embryos in a prospective fashion to AH or not, we could then confirm if there exists a specific cut point of ZPTV for which AH improved implantation.
Conclusion
We found that ZPTV did not affect implantation, nor did AH alter this relationship. Further studies are needed to clarify the relationships among ZPTV, implantation, and AH, in which our novel approach is applied, ideally with 3-D imaging. Investigation of less studied characteristics of day 3 embryos such as the ZPTV is vital as we continually try to improve our ability to hone noninvasive approaches for assessment of developmental competency. Indeed, for patients who are unable to develop blastocysts in culture, and for older patients who have decreased ovarian response, cleavage stage embryo transfer might be the patient's best and only option [31] .
